Abstract. The effect of interferon-τ on in vitro development of bovine embryos was investigated. After in vitro fertilization, embryos developed to the morula stage were cultured for 3 days in TCM-199 or CR1 medium containing BSA or FCS supplemented with or without recombinant IFN-τ produced by a baculovirus expression system. Addition of baculovirus-expressed IFN-τ (100 ng/ml) significantly promoted development to the blastocyst stage in both culture media. Addition of E. coli expressed IFN-τ (2 µg/ml) also significantly promoted the embryonic development. Supplementation of BSA or FCS did not affect the growth-promoting effect of IFN-τ. To determine whether the growthpromoting effect of IFN-τ is related to the interferon type I receptors that bind to type I interferon such as IFN-α, embryos were cultured with IFN-α. Although IFN-α significantly promoted the development, a much higher concentration (25 µg/ml) was required than IFN-τ. A reverse transcription polymerase chain reaction analysis revealed the expression of mRNA encoded type-I IFN receptor subunit from morula to blastocyst stage embryos. The overall results suggest a novel function for IFNs in promoting embryonic development and the effect may be related to type-I IFN receptor expressed in the early stages of preimplantation embryos.
members of the type I interferon family have different effects on proliferation of different types o f c ells . In early em bryo nic develo pment, expression of IFN-τ mRNA starts as early as the blastocyst stage [11] , when detectable amounts of IFN-τ are secreted into the culture medium [11, 12] . Therefore, it is possible that IFN-τ plays some roles in early embryonic development or in maternalfetal recognition before the time of implantation in an autocrine manner.
Larson [13] reported that group culture promotes e m b r yo n i c d ev el o p m e n t an d c el l n u m b er compared to single embryo culture. A similar effect of group culture has also been reported in sheep [14] . Furthermore, bovine embryos develop more rapidly when they are co-cultured with trophoblastic vesicles produced from elongating conceptuses on day 14 of pregnancy [15, 16] . Around this time, IFN-τ production from conceptus is elevated up to 100 µg per day [17] . The overall findings led us to hypothesize that IFN-τ secreted by the embryos themselves or by trophoblastic tissue plays one or more roles in regulating embryonic development. It is possible that the beneficial effect of group culture or co-culture with t r o p h ob l a st i c v e s i c l e s on b o v i n e e m b r y o development is through the effects of IFN-τ acting in an autocrine manner.
IFN-τ binds to the IFN receptor (IFNR) located at the uterine endometrium [18, 19] and IFNR is thought to be expressed only in the endometrium [20] [21] [22] , though not in conceptuses until at least day 15 of pregnancy [22] . These reports indicated that interferon-τ secreted from conceptuses binds to IFNR distributed only in the endometrium [19] . However, a recent report showed the expression of IFNR at earlier stages in ovine conceptuses [23] , suggesting a possible role of IFN-τ via IFNR in an autocrine manner. At present there is no direct evidence that IFN-τ has effects on embryonic development in bovine embryos as well as the expression of IFNR. To confirm the hypothesis that IFN-τ plays a role in embryonic development, we inves tigated t he effect o f IFN -τ on i n-vi tro development of bovine embryos in relation to the effect of IFN-α which belongs to same interferon fa m il y. Fu rt her m o r e, we a ls o s t ud ied t he expression of the IFNR gene in preimplantation embryos.
Material and Methods

In vitro maturation and fertilization
In vitro maturation and fertilization were carried out as described by Hamano [24] . In brief, bovine ov aries obtained at a slaughterhouse w er e transported to the laboratory in sterile saline at 37 C. The cumulus-oocyte complexes (COCs) were aspirated from the follicles (2 to 5 mm in diameter) with an 18-gauge needle attached to a 5-ml syringe. The COCs were washed twice in TCM-199 (Gibco BRL, Rockville, MD) containing 20 mM HEPES (HEPES M-199) supplemented with 5% (v/v) fetal calf serum (FCS, Filtron, PTY, Ltd., Victoria, Australia). The COCs were then placed in 1 ml drops of HEPES M-199 containing 5% FCS and antibiotics using a 35-mm Petri dish (Falcon). The drops were covered with liquid paraffin (Sigma Co., St. Louis, MO) and cultured for 20 to 21 h at 38.5 C in a humidified atmosphere of 2% CO2 in air.
Sperm capacitation was carried out as described by Parrish [25] . Frozen-stored semen from a Japanese Black bull in a 0.5 ml straw was thawed at 37 C. Semen was suspended in 10 ml of BO solution [26] containing 10 mM caffeine (Sigma). After washing twice by centrifugation for 5 min at 800 × g, the concentration of spermatozoa was adjusted to 2 × 10 7 cells/ml. The sperm suspension was then diluted two-fold with BO solution containing 10 mg/ml BSA and 10 µg/ml heparin (Novo-heparin, Novo Nordisk A/S, Bagsvaerd, Denmark). After 20 to 22 h of maturation, COCs were washed twice in BO solution and then placed into 0.5 ml drops of sperm suspension. In vitro fertilization was carried out for 5 h at 38.5 C in a humidified atmosphere of 5% CO2 in air.
In vitro culture
After in vitro fertilization, oocytes surrounded with cumulus cells were placed in fresh TCM-199 modified for in vitro maturation. Embryos were cocultured with cumulus cells at 38.5 C in a humidified atmosphere of 2 % CO 2 in air as described by Hamano [24] One-cell embryos were also cultured in CR1 medium [27] supplemented with essential and non-essential amino acids (Sigma) and 5% (v/v) FCS at 38.5 C in a humidified atmosphere of 5% O2, 5% CO2 and 90% N2. The culture medium was changed every 2 days. After 5 days of culture from the day of in vitro fertilization, embryos that had developed to the morula stage in each medium were removed and used for the experiment.
Preparation of bovine recombinant interferons
A recombinant baculovirus for the rboIFN-τ expression was obtained as described by a previous report [28] . In brief, bovine IFN-τ cDNA derived from cultured bovine trophoblasts was recovered by RT-PCR with primers for complete open reading frames including the secretion signal sequences of IFN-τ [29] (sense: CTG AAG GTT CAC CCA GAC CCC A, antisense: GAA ATG AAC ACA GGT GAG TGT ACG). Then the cDNA was inserted into an AcNPV transfer vector, pAcYM1, cloning site under control of the polyhedrin promoter. For production of recombinant protein, a Tricoplusia ni-derived cell line, BTI TN 5B1-4 (TN5), was infected with the recombinant virus and cultured in s e r u m -f r e e m e d i u m ( E X -C E L L 4 0 1 J R H Biosciences, Lenexa KS, USA) at 28 C for 4 days. Four days after infection, about 100 µg/ml of recombinant bovine IFN-τ (Ac-rboIFN-τ) was a ccum ulat ed in the culture medium . After purification by anion-exchange chromatography, the purity of biologically active Ac-rboIFN-τ was detected by Coomassie brilliant blue staining and western-blot analysis. The biological activity of AcrboIFN-τ was measured using a standard plaque reduction assay, and found to be 1 × 10 8 units/mg. Recombinant bovine IFN-τ produced by E. coli expression system (E-rboIFN-τ) was purchased from PBL Biomedical Lab (PBL Biomedical Lab, New Brunswick, NJ). The antiviral activity of ErboIFN-τ was 4.8 × 10 7 units/mg. Recombinant IFN-α (rboIFN-α) was kindly provided by Novartis (Novartis Animal Health Inc., Basel, Switzerland). The antiviral activity of rboIFN-α measured just before addition was 2.2 × 10 7 units/mg.
Effect of Ac-rboIFN-τ on development of bovine morula stage embryos
Since the gene expression of IFN-τ starts at the blastocyst stage [11], we designed the experiments to start using morula stage embryos, before development to blastocyst stage. About 20 morula stage embryos were cultured in 50-µl drops of TCM-199 containing 0.3% BSA supplemented with 100 ng/ml Ac-rboIFN-τ at 38.5 C in a humidified atmosphere of 2% CO2 in air. The embryos were also cultured in CR1 medium containing 0.3% BSA or 5% FCS supplemented with 100 ng/ml AcrboIFN-τ at 38.5 C in a humidified atmosphere of 5% O2, 5% CO2 and 90% N2. As a control, EX-CELL 401 medium used for the expression of the cells without the infection of a baculovirus transfer vector was added to each embryo culture medium (1: 100 dilution; approximately equivalent to 1 µg/ ml IFN-τ secretion).
Effect of E-rboIFN-τ on development of bovine morula stage embryos
Morula stage embryos were placed in 50 µl drops of CR1 containing 0.3% BSA and with 0.2, 1, or 2 µg/ml E-rboIFN-τ. As a control, embryos were cultured in CR1 containing 0.3% BSA. Embryos were then cultured at 38.5 C in a humidified atmosphere of 5% O2, 5% CO2 and 90% N2.
Effect of rboIFN-α on development of bovine morula stage embryos
Morula stage embryos were cultured in drops of TCM-199 containing 0.3% BSA supplemented with 0.5, 5, 25, 50 and100 µg/ml recombinant IFN-α. As a control, embryos were cultured in TCM-199 containing 0.3% BSA. Embryos were then cultured for 3 days at 38.5 C in a humidified atmosphere of 5% CO2 in air.
After 3 days of culture, the rates of embryos developed to the expanded blastocyst stage were recorded with a stereoscopic microscope.
RNA extraction and reverse transcription polymerase chain reaction (RT-PCR)
Total RNA was extracted from day 5 morula, day 7 early blastocyst, day 8 blastocyst, and day 8 expanded blastocyst stage embryos with Isogen (Nippon Gene, Tokyo, Japan). RNAs from Day 17 conceptuses collected after superovulation and uterine flushing were also used for RT-PCR. For RNA extraction, 20-50 embryos at each stage, and tissue from one conceptus were used. Then reverse transcription was carried out with a First-Strand cDNA synthesis kit (Amersham Pharmacia Biotech, Uppsala, Sweden) using oligo-dT primers. The reaction mixture was prepared using the PCR buffer supplied with Taq polymerase (Advantage cDNA PCR kit, CLONTECH Labs Inc., Palo Alto, CA). Specific primers for amplification of type I interferon receptor were based on the primers described by Kaluz et al. [21] (sense: TTA TTG TTT GAA AGT TAA AGC, antisense: ATT TGA AGT GTT TTC CCA AA). The PCR was carried out with a thermal cycler (Funakoshi, Tokyo, Japan). After 1 IU polymerase was added to the reaction mixture, the polymerase chain reaction was carried out using an initial step at 94 C for 1 min followed by 40 cycles of 94 C for 45 s for denaturing, 55 C for 45 s for annealing, and 72 C for 60 s for extension. Final extension was carried out at 72 C for 6 min. As a negative control, the same volume of the buffer containing RNA was added to the PCR reaction mixture instead of cDNA solution. The amplified PCR fragments were visualized by separating on a 1.5% agarose gel containing 0.4 µg/ml ethidium bromide. The PCR product, which was expected to be a cDNA encoding the type I receptor, was purified and sequenced with an ABI PRISMTM 373S DNA sequencer (PE-Applied Biosystems, F o s t e r C i t y , C A ) u s i n g a s e q u e n c i n g k i t (DYEnamicTM ET terminator cycle sequencing kit, Amersham Pharmacia). The DNA sequence was analyzed using the Basic Local Alignment Search Tool (BLAST).
Statistics
Data are expressed as mean ± S.E.M. Differences among the treatments in each experiment were analyzed by ANOVA using the Statview program (V 4.5J, Abacus Concepts inc., Berkeley, CA). After calculation of ANOVA values less than 0.05, were analyzed by Fisher's post-hoc test. Table 1 shows the effect of Ac-rboIFN-τ on embryonic development. In the initial experiment, the rates of embryos developed to the blastocyst stage were significantly promoted when embryos were cultured in TCM-199 supplemented with 100 ng/ml Ac-rboIFN-τ (50 ± 8.7%) compared with the control group (18.1 ± 3.4%) (P<0.01). The rates of embryos developed to the blastocyst stage were significantly promoted when embryos were cultured with 100 ng/ml in both CR1 medium containing BSA (59.9 ± 7.3 vs. 31.1 ± 1.7%; P<0.01) and FC S (5 0.6 ± 8 vs . 28 .7 ± 8.6%; P<0.01), respectively. Supplementation of BSA and FCS in CR1aa did not affect the embryonic development after adding Ac-rboIFN-τ. Table 2 shows the effect of E-rboIFN-τ on development of bovine embryos. The rates of embryos developed to the blastocyst stage were significantly promoted (P<0.05) when embryos were cultured in CR1aa+BSA supplemented with of 2 µg/ml E-rboIFN-τ (54.3 ± 5.7%) compared with the control (36 ± 5.5%). The rates of blastocyst were not different when embryos were cultured with higher (4 µg/ml, 41.5 ± 1.5%) and lower (0.2 µg/ml, 25 ± 8.3%) concentrations of E-rboIFN-τ.
Results
Effect of recombinant IFN-τ produced by a baculovirus expression system on in vitro development of bovine embryos under different culture media and culture conditions
Effect of recombinant IFN-τ produced by an E. coli expression system on in vitro development of bovine embryos
To determine whether the stimulatory effect on embryo development was specifically due to IFN-τ, the effect of IFN-α, that belongs to the same type I interferon family, on embryonic development was also examined. The percentages of embryos developed to the blastocyst stage were significantly promoted when embryos were cultured with 25 µg/ml (36.7 ± 1.7%, P<0.05) and 50 µg/ml rboIFN-α (72.5 ± 2.5%, P<0.01) compared with the control (18.1 ± 3.4%)( Table 3 ). T he percentages of blastocysts were not different when embryos were cultured with lower (0.5, 5 µg/ml ) or higher concentrations of rboIFN-α (100 µg/ml).
Gene expression of type I interferon receptor
The RT-PCR using primers for type I interferon receptor (IFNRI) produced a 550 bp product from day 5 morula through day 8 expanded blastocysts and day 17 conceptuses (Fig. 1) . The sequence of the product matched the bovine IFNRI sequence (Lim and Langer, 1993) . No amplicon was detected after PCR when total RNA solution obtained from each stage of embryos was added to the PCR reaction mixture instead of cDNA.
Discussion
The present study has shown for the first time that IFN-τ has growth-promoting effects on the development of bovine preimplantation embryos.
Initially to investigate the growth promoting effect, we used the recombinant IFN-τ produced by a baculovirus expression system (Ac-rboIFN-τ) [28] t h at h ad a g r e at er a n ti v i r a l a c t iv i ty th a n recombinant IFN-τ produced in E. coli (E-rboIFN-τ). Ac -rboIFN -τ has been co nfirm ed to hav e a comparable bioactivity to recombinant IFN-τ produced in other systems [30] [31] [32] [33] [34] . Besides, bioactivity of Ac-rboIFN-τ was confirmed by the inhibition of PGF2α secretion from cultured bovine endometrial epithelial cells as well as antiviral ac t iv it y (u npu bl is he d d ata ). A c -rb o IF N-τ significantly promoted embryo development at a concentration of 100 ng/ml (Table 1 ). This growthpromoting effect of Ac-rboIFN-τ was not affected by the culture media (Table 1, 2) or by additives such as BSA or FCS (Table 2 ). This indicates that the growth-promoting effect on the embryonic development is caused by IFN-τ itself. Addition of another IFN-τ produced by an E. coli expression system also showed the same growth promoting effect on embryo development. In the present study, a higher concentration of E. coli IFN-τ (2 µg/ ml) was required for promoting the embryonic development than Ac-rboIFN-τ. A possible reason for this difference may be its lower activity (4.8 × 10 7 units/mg) compared with the activity of Ac-rbo IFN-τ (1 × 10 8 units/mg) or other factors such as sialylation.
Although IFN-α also successfully promoted embryo development, a much higher concentration (25-50 µg/ml) was required for promoting embryo development compared with Ac-rboIFN-τ (100-150 Data show means ± standard error, **: significantly different (P<0.01), ***significantly different (P<0.001) compared to control group. ng/ml). IFN-α belongs to type I interferon and also h as a n a n t i v ir a l a c t iv i t y s i m il ar t o I FN -τ . Administration of IFN-α prolongs the corpus luteum lifespan in ewes [35] [36] [37] [38] and cows [5, 39, 40] , however, IFN-α is less efficient at extending the estrous cycle than the same dose of recombinant ovine IFN-τ [38, 41] ) in spite of similar antiviral activity. Besides, IFN-α and τ are reported to have d i f fe r e n t ab i l i t i es a t i n d u c i n g c h em ok i n e production by bovine uterine tissue or cultured uterine epithelial cells [42, 43] . Taken together, the different growth promoting activities of IFN-τ and IFN-α may be due to factors other than antiviral activity. In view of the different effects of IFN-τ and α observed in this study and in the previous studies, it is possible that the difference in the growth-promoting effects of IFN-τ and IFN-α is due to a difference in their binding activity to the IFN receptor, which could result in a different amplification of signal transduction. IFN-τ and IFN-α are assumed to bind to the same type I interferon receptor in the uterus because the binding of IFN-τ to the uterine epithelium can be displa ced by IFN-α a nd vice versa [18, 44] . However, it is still controversial whether both IFN-τ and IFN-α bind to the same receptor because one report found that these two interferons have the same binding activity [19] and another found that their binding activities were different [10] . These results imply the possibility that these two IFNs interact with the interferon receptor expressed in early embryos to stimulate embryo development. The fact that IFN-τ and IFN-α have different effectiv e c onc ent ra tio n s uggests tha t thes e interferons have different sensitivities regarding receptor activation or activate different pathways for signal transduction and cell growth. It has been thought that type I IFNs such as IFN-τ and α have antiproliferative activities to cell growth [8, 9, 45] . However, a previous study has revealed that interferons are not antiproliferative to all kinds of cells [46] . The toxicity of IFNs to m a m m a l ia n em b r yo s h as n o t b ee n c le ar l y elucidated. Carthew et al. reported that in vivo induced mouse interferon does not inhibit the in vitro development of mouse embryos [47] . Our data also showed that the IFNs are not toxic to bovine embryos suggesting the reduced toxicity of IFNs to embryonic development.
In the present s tudy, we also showed the expression of IFNAR1 gene for the first time in morula stage embryos. In addition to other reports recording the successful detection of interferon receptor mRNA in individual mouse [48] and human embryos [49] , we confirmed the expression of IRNR1 gene in individual bovine morula and blastocyst stage embryos (unpublished data). The overall findings in the present study suggest that IFN-τ plays one or more roles in regulating embryonic development, and that the action of IFN-τ is mediated via IFN receptor. In mammalian preimplantation embryos other than bovine embryos, the expression of IFN-α gene i s o b s e r v e d f r o m o o c y t e s t h r o u g h to preimplantation embryo in mouse [50] , however, the expression of IFN-α receptor has not been detected. On the other hand, the mRNA expression of IFN-γ receptor subunits is detected in mouse oocytes and preimplantation embryos [51] . A recent study suggested that cross-talk between IFN-γ and α signaling pathways was due to the association of IFN-γ receptor (IFNGR 2) and IFNAR1 in caveolae [52] . The expression of IFN-α gene in mouse preimplantation embryos [50] , and IFN-γ and δ genes in porcine blastocysts [53] has been detected. At present, the physiological role of these interferons including IFN-τ and their receptors in early embryonic development is not clearly understood. However, these IFNs are possibly involved in early embryonic development and differentiation including sexual dimorphism in early embryos [54] . At present, the involvement of IFN-τ in embryo development and pregnancy is known only in ruminants. However, a recent study showed that the intraperitoneal administration of IFN-τ increased embryo survival in the mouse [55] suggesting the role of IFN-τ in pregnancy or embryo survival in species other than ruminants. Further study of the function of interferons in preimplantation development is necessary for understanding the embryonic development and differentiation in mammals. 
